Abstract: An expression for the surface tension of an aqueous mixed solution of surfactants and electrolyte ions in the presence of the common ions was derived from the Helmholtz free energy of an air/water surface. By applying the equation to experimental data for the surface tension, the adsorption constant of surfactant ions onto the air/water interface, the binding constant of counterions on the surfactants, and the surface potential and surface charge density of the interface were estimated. The adsorption constant and binding constant were dependent on the species of surfactant ion and counterion, respectively. Taking account of the dependence of surface potential and surface charge density on the concentration of electrolyte, it was suggested that the addition of electrolyte to the aqueous surfactant solution brings about the decrease in the surface potential, the increase in the surface density of surfactant ions, and consequently, the decrease in the surface tension. Furthermore, it was found that the configurational entropy plays a predominant role for the surface tension, compared to the electrical work.
INTRODUCTION
It is well known that the critical micelle concentration (CMC) of an aqueous solution of ionic surfactant drastically decreases by adding inorganic salts to the solution [1] [2] [3] . This is attributable to the shielding of the repulsive force between ionic head groups of surfactants by the addition of inorganic salts. For such phenomena, the famous empirical equation, which is called the Corrin-Harkins equation, has been already obtained 4) . Similarly, the addition of electrolytes remarkably reduces the surface tension of an aqueous solution of ionic surfactants. There are a lot of experimental studies on the surface tension of the mixture of ionic surfactants and electrolytes [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . As can be readily speculated from the results of CMC, the drastic decrease in the surface tension may be closely related to the shielding effect of electrolytes.
Many researchers have discussed the theoretical equation for the surface tension. Kralchevsky et al. derived the adsorption isotherms of surfactant ion and counterion for the aqueous solution of the mixture of ionic surfactant and electrolyte and revealed the importance of counterion binding to the adsorbed surfactant layer 10, 15, 16) . In addition, the integration of these adsorption isotherms provided the theoretical equation for the surface tension, and then, the surface potential at the air/water surface was estimated by applying the theoretical equation to the experimental data of surface tension. The effect of anion on the adsorption isotherm of cationic surfactant was systematically investigated by Para et al. 17) . In order to take account of ionic specific effects, they introduced the surface activity of counterion, which is a measure of ion penetration into the Stern layer at the air/water surface, into the theory, and consequently, elucidated that the surface activity of counterion is strongly related to the Hofmeister series. The theory on the adsorption behavior of ionic surfactants was extended by Ivanov et al. 18) . In addition to the typical adsorption parameters (adsorption constant, minimum area per adsorbed molecule, and interaction parameter), they introduced another parameter, i.e., the interaction between adsorbed discrete charges, into the theory for the surface tension. By using this parameter, the structure of adsorbed films at the air/water, oil/water, and oil/aqueous electrolyte solution interfaces could be described successfully.
In the case of using ionic surfactants, it is indispensable to consider the electrostatic property at the air/water surface. In the previous study on the electrical double layer interaction between charged colloidal particles, we obtained the equation for the Helmholtz free energy of the interface between charged colloidal particle and surrounding electrolyte solution, where we supposed the process that uncharged particle surface gradually takes a charge by the adsorption of electrolyte ions 19) . Taking into account that the differential of Helmholtz free energy with reference to the surface area provides surface tension, we can extend this concept to the surface tension for the aqueous solution of the mixture of ionic surfactant and electrolyte.
The aim of this study is to compare the equation for the surface tension of aqueous solution of the mixture of ionic surfactant and electrolyte, which is derived from our previous concept, with other theoretical equations, and then, to estimate the parameters, such as adsorption constant, binding constant, surface potential, and surface charge density, by applying our equation to the experimental data.
THEORY
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The surfactant molecules and electrolytes dissociate into ions in aqueous solution.
surfactant :
electrolyte :
For simplicity, we assume that there exists a common ion in the system and the valence Z i of ion i is +1 for cation and 1 for anion. In this system, the air/water surface is adsorbed by N A surfactant ion and N C counterion. From our previous theory 19) , Helmholtz free energy F s of the air/water surface is defined by the following equation (3) where F s,0 , T, and S config represent the Helmholtz free energy of the uncharged air/water surface, the temperature, and the configurational entropy of adsorbed ions on the air/water surface, respectively. The second term on the right-hand side of Eq. denotes the electrical work of charging the air/water surface having the surface area A, where s is the surface charge density given by (4) and y(s´) is the surface potential at a stage in the charging process at which the surface charge density becomes s´ (0 ≤ s´ ≤ s). It is also found that m i s,0 in Eq. corresponds to the chemical component in the electrochemical potential of adsorbed ion i as shown by the following equation (5) where .
In the next step, let us look more closely at the term in Eq. .
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The configurational entropy S config is calculated by (6) where k is the Boltzmann constant. Ω config is the number of all possible configurations in the system and can be estimated as follows. Assuming that N max adsorption sites at the air/water surface are occupied by N A surfactant ion, the number Ω 1 of possible configurations in this system is
Similarly, assuming that N C counterion is bound to the adsorbed surfactant layer, the number Ω 2 of possible configurations in this system is (8) Then, Ω config is given by the following equation (9) Substituting Eq. into Eq. and using the Stirling approximation, S config can be described by (10)
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The surface charge density s is related to the surface 
where e r , e 0 , e, and n i represent the relative dielectric constant of aqueous solution, the dielectric constant of vacuum, the elementary charge, and the number density of component i, respectively, and (12) In addition, the Debye-Hückel parameter k is defined by (13) where N Av and C i stand for the Avogadro's number and the molarity of aqueous solution of component i, respectively.
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The differential of Helmholtz free energy F s with reference to the surface area A yields the surface tension g. From Eqs. , , and , we can derive the equation for g as follows: (14) Here, we assumed that N max is proportional to A. The second and third terms on the right-hand side of Eq.
correspond to the contribution of the diffuse electric double layer and the Langmuir model, respectively 15, 16, 21) . Furthermore, it is useful to rewrite Eq. using the experimental variables. For this purpose, let us derive the chemical potential of surfactant ion A and counterion C at the air/water surface: (15) and (16) On the other hand, the chemical potential of each ion in the bulk phase is given by (17) and (18) where m i bulk,q represents the standard chemical potential of ion i. Taking into consideration that the chemical potential of each component in the surface and bulk phase is equal to each other, the following relations can be obtained: (19) and (20) Here, we defined the adsorption constant K 1 of surfactant ion to the air/water surface and the binding constant K 2 between the adsorbed surfactant ion and counterion as follows: and (22) From Eqs. , , and , it follows that the surface charge density can be described as (23) Substituting Eqs. and into Eq. , we can finally obtain the following equation (24) where (25)
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Finally, we refer to the surface potential of aqueous solution in this system. As mentioned above, the surface charge density can be estimated from both Eqs.
and . Combining these equations, the following relation is obtained: (26) where the positive sign is available for the anionic surfactant system, whereas the negative sign for the cationic surfactant system. The y 0 value of satisfying the transcendental equation G( y 0 ) = 0 yields the surface potential y 0 .
Thus, we can determine the values of K 1 , K 2 , and y 0 by applying Eq.
to the experimental data of surface tension under the condition of G(y 0 ) = 0 .
EXPERIMENTAL
1
Sodium dodecyl sulfate (SDS, Wako Pure Chemical Industries, Ltd.) was purified by recrystallization from a mixture of ethanol and water. Dodecyltrimethylammonium bromide (DTAB, Wako Pure Chemical Industries, Ltd.) and dodecyltrimethylammonium chloride (DTAC, Tokyo Chemical Industry Co., Ltd.) were purified by recrystallization from a mixture of acetone and ethanol. The purity of surfactants employed in this study was confirmed by observing no minimum around CMC on the surface tension versus molarity curve. Sodium chloride (NaCl) and sodium bromide (NaBr) were purchased from Wako Pure Chemical Industries, Ltd. and used without purification.
2
The surface tension of the aqueous solution of the mixture of surfactant and electrolyte was measured as a function of surfactant concentration at constant electrolyte concentration under the atmospheric pressure by the Wilhelmy plate method (KRÜSS surface tensiometer K12). The temperature was kept constant at 298.15 0.1 K.
RESULTS AND DISCUSSION
The plots in show the experimental values of surface tension. The surface tension gradually decreases with increasing the surfactant concentration. Furthermore, the addition of electrolytes causes the drastic decrease in the surface tension, because the adsorption of surfactant molecules to the air/water surface can be promoted by shielding the repulsive force between ionic head groups. This will be explained later from the standpoints of surface potential and surface charge density. The surface tension measurement was performed in the regime of lower surfactant concentration than CMC, except for the SDS-NaCl mixture system at 100 mM of electrolyte concentration. The CMC in this system is about 1.4 mM and agrees with that calculated from the Corrin-Harkins equation 4) . Applying Eq. to , we determined the constant K 1 , K 2 , and the surface potential y 0 . The solid lines drawn in provide the curves calculated from Eq. . The curves in the presence of electrolytes are in good agreement with the experimental data, whereas those in the absence of electrolytes deviate from the experimental data with increasing the surfactant concentration. This may be due to the phase transition in the adsorbed film of surfactant molecules. It is well known that the lateral interaction between adsorbed surfactant molecules induces the transition of states of the adsorbed film, from the lower surface density to the higher one 22) . Taking into account that our calculation assumes completely random configuration of adsorbed surfactant ion and counterion in the surface phase and does not involve the lateral interaction between adsorbed surfactant molecules, it is found that the effect of such lateral interaction on the configuration brings about the difference in the data from experiment and calculation. Consequently, our calculation should be limited in the regime of lower concentration. In order to consider the interaction between adsorbed molecules, Kralchevsky et al used the interaction parameter and applied the theoretical equation up to higher concentration, i.e., CMC 15, 16, 21) . The constant K 1 and K 2 determined in each system are summarized in . As defined above, the constant K 1 represents the ability of the adsorption of surfactant ion to the air/water surface. Comparing the K 1 value of anionic surfactant ion (DS -) with that of cationic one (DTA + ), it seems that the value of K 1 reflects the difference in the hydrophilic head group. On the other hand, the constant K 2 stands for the ability of binding between adsorbed surfactant ion and counterion. It is found that the K 2 value in the DTAB-NaBr system becomes slightly larger than that in the DTAC-NaCl system. This suggests that the bromide ions are easier to bind to the charged air/water surface, compared to the chloride ions. This is called the preferential adsorption of ions 23) . We can often observe such phenomena for the micelle: the dissociation degree of bromide ion from the spherical micelle is smaller than that of chloride ion 24, 25) . Previously, we have estimated the binding constant of divalent cation to the phospholipid layer 26, 27) . It is reasonable to offer a smaller binding constant for univalent ion as compared to that for divalent one.
In , Dm A (0) and Dm C (0) mean the standard free energy change associated with adsorption of surfactant ion and binding of counterion, respectively. Those values can be calculated from Eqs.
and . For comparison, let us estimate the Dm A (0) and Dm C (0) values on the basis of other model. Kolev et al defined constant parameters as follows 16) : (27) and K kT 
SDS-NaCl DTAB-NaBr DTAC-NaCl 12. . Dm A (0) in our study is comparable to Dm 1 (0) in the study of Kolev et al and its magnitude is much larger than the thermal energy kT. This suggests the strong adsorption of surfactant ion to the air/water surface. On the other hand, Dm C (0) became smaller than kT. This implies the formation of electric double layer by the thermal diffusion. As mentioned above, the difference in Dm C (0) is attributable to the dissociation degree of counterion.
shows the concentration dependence of surface potential. It is found that the surface potential approaches a saturated value in the regime of relatively low concentration. Furthermore, it is clear that the absolute values of surface potential decrease drastically with increasing the electrolyte concentration in all systems. On the other hand, as shown in , which represents the surface charge density versus molarity curves, the addition of electrolytes brings about the increase in the surface charge density. This implies that the surface density of surfactant ion increases by adding the electrolytes. From these calculations, we can conclude that the addition of electrolytes to the aqueous surfactant solution leads to, in turn, the decrease in the surface potential, the increase in the surface density of surfactant ion, and consequently, the decrease in the surface tension.
provides the surface potentials of each system at the same electrolyte concentration. It is noted that the surface potential depends on the system in the aqueous surfactant solution ( ), while the difference in the components becomes negligible in the presence of electrolytes (
). The influence of counterion on the surface potential is extinguished by the decrease in the Debye length, k -1 , as shown in . Finally, let us examine the factor contributing to the surface tension. As shown in Eq. , there are two factors for
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J. Oleo Sci. 58, (6) 285-293 (2009) reducing the surface tension: (1) the electrical work and (2) the configurational entropy. The results of each factor are shown in and , respectively. The former is the work needed to charge the air/water surface up to a certain surface charge density s. Therefore, the curves in resemble the concentration dependence of the surface charge density ( ), and then, we found that the contribution of electrical work to the surface tension exhibits an ambiguous difference at the different electrolyte concentration. On the contrary, the contribution of configurational entropy to the surface tension systematically depends on the electrolyte concentration, and moreover, it is much larger (ca. tenfold) than that of electrical work. Therefore, we can say that the configurational entropy plays a predominant role for the surface tension of aqueous solution of surfactant and electrolyte mixture in case of having common ions.
CONCLUSION
We derived an equation for the surface tension of aqueous solution of surfactant and electrolyte mixture having the common ions from the Helmholtz free energy of the air/water surface. By applying the resulting equation to the experimental data, we could estimate the adsorption constant and binding constant, and then, found that those values depend on the kind of surfactant ion and counterion. Taking account of the electrolyte concentration dependence of surface potential and surface charge density, it was suggested that the addition of electrolyte to the aqueous surfactant solution leads to, in turn, the decrease in the surface potential, the increase in the surface density of surfactant ion, and consequently, the decrease in the surface tension. Furthermore, we found that the contribution of configurational entropy is important for the surface tension of this system, compared to that of electrical work. In the future work, we will report the surface tension of aqueous solution of surfactant and electrolyte mixture in the absence of common ions.
